Introduction
According to Einstein's theory of general relativity, gravitational waves exist as oscillations in the spacetime metric, radiated by accelerating aspherical mass distributions. An interferometric gravitational wave detector attempts to measure these oscillations capitalizing on the apparent change in light travel time induced by the gravitational wave: two light beams are directed to probe separate space-time paths and then are interfered; travel time differences between the two paths produce optical phase differences which are detectable as light intensity changes [1] . A Michelson interferometer with orthogonal arms is used because its geometry is well-matched to the space-time distortion of the effect-during any half-cycle of the oscillation, the quadrupolar gravitational-wave field increases the travel time in one arm and decreases it in the other arm [2] . A Sagnac interferometer can also be used [3] ; in this case the two counter-propagating beams travel the same path, but at different times (one path is the time-reversed of the other), and a net travel time difference is produced by gravitational-wave periods of order the interferometer round trip time.
Regardless of the specific configuration of an interferometer, it must be extremely sensitive to the optical phase difference between its paths to achieve a meaningful gravitational wave sensitivity. Since the (dimensionless) gravitational wave produces the equivalent of a strain in space, the instrument sensitivity is described in terms of a strain sensitivity. The largescale interferometer projects currently under construction by LIGO [4] , VIRGO [5] , GEO [6] and TAMA [7] all have target sensitivities in the range of 10 −21 in strain (change in length per unit length). Numerous variants of the basic Michelson and Sagnac interferometer configurations have been designed to convert this gravitational-wave strain into optical phase difference in an efficient manner. The interferometers in LIGO, for example, contain a 4-km-long resonant Fabry-Perot cavity in each arm of a Michelson; these storage cavities increase the interaction of the light beams with the gravitational-wave strain, building up the optical phase shift by a factor proportional to the cavity finesse. For this geometry, the optical phase difference δφ produced by a gravitational-wave of amplitude h and frequency f , incident on the interferometer with optimal orientation, is
where f is the gravitational-wave frequency, ν l is the laser frequency, and τ s is the energy decay time of the cavities; the last is related to the cavity finesse F by τ s = F l/cπ, where l is the cavity length. The storage time is chosen to optimize the strain sensitivity in the context of various unavoidable noise sources in the instrument. The LIGO cavities are illuminated by 1064 nm-wavelength light, and they have a storage time of τ s = 0.9 msec, giving a DC response of A(0) = 6.4 × 10 12 radians (per unit strain). We can now estimate the optical phase sensitivity required to give a 10 −21 strain sensitivity. A gravitational-wave of frequency 150 Hz (where LIGOs sensitivity is best) and amplitude 10 −21 would produce an optical phase difference of ∼ 3 × 10 −9 rad (again, assuming optimal orientation). The signal that this produces must be detectable in the presence of random noise also present at the output; shotnoise in the photodetection, for example, is one of the major contributors to the noise at 150 Hz. Assuming that the gravitational wave is a burst that might last for one to several cycles, the bandwidth of the signal is of order BW = 150 Hz. The spectral density of the random noise, when expressed as an equivalent 'phase noise', then must be less than 3 × 10 −9 / √ BW ≈ 3 × 10 −10 rad/ √ Hz by some factor which depends on the required signal-to-noise ratio for detection. The actual target phase sensitivity of a LIGO interferometer as a function of frequency is shown in 1; for frequencies f > 150 Hz, the interferometers are designed to be quantum noise limited-as determined by the Poisson statistics of photon detection ('shot' noise).
We present in this paper the results of a laboratory scale Michelson interferometer designed to operate at or near the LIGO phase sensitivity. The main motivation for this work was to identify and control the technical sensing noise sources that compete with the quantum noise; we generally identify as 'sensing' noise sources those which do not directly affect the positions of the interferometer mirrors (as opposed to 'displacement' noise sources, such as seismic noise, which in some way produce accelerations of the mirrors; the distinction is not always so clean, however). To put the required level of phase sensitivity into context, we show in Figure 1 the results of this work along with three other interferometric optical phase measurements. In particular this paper is an extension of the work presented in reference [11] using a very similar interferometer design; compared to this previous work, we have improved the phase sensitivity over the full 100 Hz-10 kHz band of interest by factors of 2.5-100, with a factor of 2.5 improvement in the quantum-limited level. It should be noted that a complementary experiment has been performed to investigate the displacement sensitivity required for LIGO, and is described in reference [12] . Figure 2 shows a simplified schematic, and Table I gives significant parameters of the system. The optical configuration includes a simple one-bounce Michelson interferometer. The Fabry-Perot arm cavities mentioned above are not included in this system; since the primary function of such storage cavities is to increase the displacement sensitivity of an interferometer, they are not required for the phase sensitivity goals of this experiment, and we forego them to reduce the complexity of the system. The other aspects of the optical configuration are very similar to the LIGO design. To reduce sensitivity to fluctuations of the input laser power, the average Michelson arm length difference is controlled so that the intensity at the anti-symmetric or signal output is a minimum; at this point, the interferometer is said to be operating on a 'dark fringe', and almost all the input light is reflected back towards the laser. This allows the use of a 'power recycling' technique [13] [14] , in which a partially transmitting mirror is placed between the laser and the 50/50 beam splitter, forming an optical cavity between this power-recycling mirror and the symmetric port of the Michelson. When the position of the recycling mirror is properly controlled, the cavity is resonant with the incident light, the power incident on the beamsplitter builds up, and (for the proper choice of recycling mirror transmission) almost no power is reflected back towards the laser. The increase in effective laser power-by a factor G rec known as the power-recycling gain-improves the shot noise-limited sensitivity of the interferometer by a factor of √ G rec . The remaining significant feature of the interferometer configuration is the fact that it is intentionally operated with unequal arm lengths [15] . This is done as part of the signal or phase sensing system, described in detail below.
Instrument Description
The interferometer is illuminated with a singlefrequency diode-pumped Nd:YAG laser, emitting 700 mW at 1064 nm (Lightwave Electronics model 126-1064-700). Superb frequency stability is required to reach the desired level of phase sensitivity, and a twostage frequency stabilization scheme has been implemented to achieve this. The first prestabilization stage uses a fixed-spacer reference cavity to define the laser frequency; a feedback control system makes the laser frequency track a cavity resonance. The second stage wraps this system in another feedback system for further suppression of residual fluctuations, this time using the suspended interferometer as a lownoise reference.
For the laser prestabilization [16] , 20 mW is split off from the main beam and sent to the reference cavity, consisting of a cylindrical fused silica spacer with mirrors optically contacted to each end; the FWHM linewidth of the cavity is 75 kHz. Isolation from vibrations is provided by a three layer steel plate and elastomer stack, and by mounting the cavity on top of this stack with two short wire loops, one near each end; the cavity and isolation system are contained in a 10 −8 torr vacuum vessel. The Pound-Drever-Hall reflection locking technique [17] is used to generate the error signal for locking the laser to the cavity. The error signal-proportional to the difference between the laser frequency and the cavity resonance-is amplified, filtered, and fed back to three actuators to control the frequency of the main and sample beams. Two of the actuators are part of the laser: a thermal actuator which heats or cools the laser crystal to change the crystal dimensions, and a piezo-electric transducer (PZT) bonded to the laser crystal, which squeezes the crystal to change the lasing frequency. The third actuator is an externally mounted phase modulating Pockels cell. The thermal actuator has a slow response, but the largest range with a tuning coefficient of 4 GHz/Volt; it is used to bring the laser into resonance with the cavity and is adjusted when needed to null offsets in the PZT feedback path. The PZT has a flat frequency response to 100kHz and does the bulk of the frequency correction. The Pockels cell path becomes effective above 50kHz, and provides the fast response necessary to achieve a loop bandwidth of 1MHz.
Before coupling into the reference cavity, the sample beam makes a double-pass through an acoustooptic modulator (AOM), which serves as an actuator for the second stage of frequency stabilization. The AOM is driven with a voltage-controlled oscillator (VCO), operating at a center frequency of 80 MHz with a linear tuning range of ±5MHz. The center of the AOM is positioned at the center of curvature of the mirror that retro-reflects the beam for the second pass; this minimizes the beam direction change as the AOM drive frequency is varied. The sample beam is thus shifted by 150-170 MHz with respect to the main laser beam according to the VCO control input. This shift is also useful to spectrally isolate the prestabilization beam from the main beam.
The main laser beam passes through an electrooptic phase modulator, driven sinusoidally at f m with a relatively small amplitude, such that only the carrier light, at frequency ν l , and the first order modulation sidebands, at ν l ± f m , have significant amplitude. These radio-frequency (rf) sidebands are used in a heterodyne detection system to sense the relative optic positions and angles, using variants of the Pound-Drever-Hall technique.
The interferometer optics are mounted on two seismically isolated platforms, one for the beamsplitter and arm mirrors, and one for the recycling mirror; the optics, the two platforms and the 6 m path between them are enclosed in high-vacuum. The three mirrors and beamsplitter are fused silica and have multilayer dielectric coatings to achieve a desired reflectivity. Each optic is suspended as a pendulum by a single loop of steel wire, and its position with respect to its suspension support structure is sensed with a small LED-based optical sensor. The position and orientation of each optic can be controlled via electromagnetic motors: five magnets are bonded to the optic (four on the back face and one on the side) and five coils are mounted on the support structure, concentric with the magnet axes and axially posi-tioned such that the magnet experiences the largest magnetic field gradient. The sensor signals are used to actively damp four rigid-body modes-an axial and a transverse mode at 1 Hz, and two angular modes at 0.45 Hz-using the coils to provide the damping forces. The mounting platforms are seismically isolated in two stages: a commercial low-frequency active isolation system [18] (mounted outside the vacuum system on the floor) provides good isolation in the 2-20 Hz decade; a passive four-layer mass-spring stack [19] adds increasing isolation above 20 Hz, achieving a ground vibration transmission of 10 −6 at 100 Hz. We also found that some level of environmental isolation of the input and output optics (i.e., all components outside the vacuum system) was crucial to reduce the effects of scattered light. The phenomenon here involves light that is scattered or otherwise backreflected by elements in the optical chain, travels a different path than the main laser beam, and then recombines with the main beam. If this scattering path is modulated (seismically or acoustically), the relative phase between the main and scattered fields will be modulated, producing a spurious amplitude modulation in the signal [20] . For relative path motions greater than a wavelength, the relative phase changes by multiple π, and frequency upconverted components appear at the output up to frequencies of 2v/λ (Hz), where v is the relative velocity of scattering path. When the relative motions are smaller than a wavelength, the coupling is approximately linear. In our experience, scattering in the input optics (all components between the laser and the recycling mirror) generally showed up through frequency upconversion, whereas scattering in the output optics generally produced linearly coupled noise. To reduce these effects on the input side, the laser table is mounted on another set of commercial active isolators so that relative motion between the laser source and the recycling mirror is less than a wavelength in the 1-10 Hz band. On the output side, the detection table is mounted on pneumatic passive isolators, and is surrounded by an acoustic isolation enclosure. The amount of backscattered light was reduced by using low micro-roughness mirrors in the output chain; the remaining scattered light was dominaated by that from the photodiode surface [21] .
Sensing and controls
To describe the operating point of the interferometer we define two macroscopic lengths, l r and ∆l, and two microscopic lengths, δl r and δl M ; the macroscopic lengths are assumed to exactly fulfill the resonance conditions, whereas the microscopic lengths denote small variations (of order several microns) about them. The recycling cavity length l r = (l 1 + l 2 )/2 is defined as the average of the optical paths from the recycling mirror to the two arm mirrors, and the Michelson asymmetry ∆l = l 1 − l 2 is the difference in these optical paths. At the point δl M = 0 and δl r = 0, the carrier light interferes destructively at the beamsplitter, sending a minimum of light to the antisymmetric port (the dark fringe condition), and is also resonant in the recycling cavity; thus at this point the carrier power buildup in the interferometer is maximized. The conditions for the RF modulation sidebands are determined by the macroscopic lengths. The modulation frequency f m is governed by l r ; it is chosen to be equal to the recycling cavity free-spectral-range, in this case f m = c/2/l r = 25.556MHz. At the carrier dark fringe, the asymmetry ∆l results in the modulation sidebands having some finite transmission through the Michelson (from the beamsplitter to the antisymmetric port):
For maximum transfer of input sideband power to the antisymmetric port, t M is chosen (via ∆l) to be approximately equal to the transmission of the recycling mirror, t RM . With ∆l = 16cm (|t M | = 0.0856), ideally 99% of the input sideband power would be transmitted to the antisymmetric port, but losses in the recycling cavity and mode mismatch reduce this about 70%. The microscopic lengths naturally fluctuate by of order 1 micron due to seismically driven motion, whereas the operating point defined above must be held within a small fraction of a wavelength of zero (modulo λ/2). Feedback control is thus used to stabilize the system. The two degrees-of-freedom, δl r and δl M , are sensed at the symmetric and antisymmetric ports, respectively. At each port, the light is directed to a photodetector, tuned to have maximum response at f m by resonating the diode capacitance with an inductor. Each photodetector output is demodulated at f m with a double-balanced diode mixer, to produce a zero-crossing error signal for each degree-of-freedom.
Before writing the equations for the error signals, we define some useful quantities. With (r r , t r ) being the field reflectivity and transmission coefficients of the recycling mirror, and r a being the average reflectivity of the arm mirrors (including also any loss at the beam splitter), we write the amplitude recycling gains, g cr (carrier) and g sb (rf sidebands), the amplitude reflectivity coefficients in reflection, r cr and r sb , and the amplitude transmission coefficients to the antisymmetric port, t cr and t sb , as
t cr = 0 and
,
For small deviations about the operating point, the signals at the two output ports are
where S 0 = 8J 0 (Γ)J 1 (Γ)P in , proportional to the input power P in . The reflected port signal is sensitive to the cavity length and the laser frequency, δ(kl r ) = kδl r + 2πl r δν l /c, with a response that rolls off according to the carrier (ω p1 ) and sideband (ω p2 ) pole frequencies, given by
For the parameters in our system, equation 4 results in an equivalent pole frequency for S refl at approximately ω equiv ≈ 2π · 25kHz. The feedback for S anti , the 'differential mode' loop, sends correction signals differentially to the actuators on the two Michelson end mirrors. The loop has a bandwidth of 700 Hz, and reduces differential length fluctuations from 35 nm rms (uncontrolled motion) to ∼ 0.1 pm in operation. Maintaining such tight control to the dark fringe is important not only for maximum power build-up, but also to limit the coupling of laser amplitude noise to the output signal (discussed in more detail later).
The feedback for S refl , or the 'common mode' loop, is more complicated, as it contains the second layer of frequency stabilization (see Fig. 3 . Frequency fluctuations of the input light are equivalent to length fluctuations of the reycling cavity; however, they also couple to the output signal through the asymmetry ∆l, which makes a frequency dependent phase difference δφ between the two fields recombining at the beamsplitter: δφ = 2∆l δk = 4π∆l δν/c = 6.7 × 10 −9 rad/Hz. (6) Given our goal phase sensitivity of 10 −10 rad/ √ Hz, frequency noise must be kept below 5mHz/ √ Hz for it to have an insignificant impact. Since the frequency prestabilization achieves 0.1Hz/ √ Hz at 300 Hz, additional suppression is required from the interferometer itself.
Above 50 Hz, the interferometer mirrors are well isolated from ground vibrations, making an extremely stable frequency reference. At lower frequencies, however, the fractional length fluctuations arising from ground motion (of order 10 −6 ) exceed the fractional frequency stability of the prestabilized laser beam (of order 10 −12 − 10 −13 ). Therefore the control system is designed to correct both the laser frequency (at high frequencies) and the recycling cavity length (at low frequencies), using two feedback paths. Feedback to the laser is applied to the VCO mentioned above, which drives the AOM to change the laser frequency; feedback to the recycling cavity is applied to the actuators on the recycling mirror. The crossover frequency between these two paths is chosen carefully: the fractional frequency shift available with the VCO is 10 −8 , much smaller than the low frequency fluctuations of the cavity length, putting an upper constraint on the crossover frequency; on the other hand the need to suppress input frequency fluctuations supplies an upper limit. With G F and G L being the open loop gain of the laser frequency and recycling cavity length paths, respectively (both being functions of frequency), input laser frequency fluctuations are suppressed by the loop by a factor
Thus the suppression is limited by the gain in the length path. To make G L sufficiently small above 100 Hz, we operate with the crossover (where |G L | = |G F |) at 18 Hz, and also include a 100 Hz cut-off, fourth-order low-pass filter in the length path to rapidly reduce G L at higher frequencies. The bandwidth of the common mode control is about 50 kHz, with a maximum frequency fluctuation suppression of 10 3 from 300-400 Hz. We also maintain active, interferometric alignment control of the six angular degrees-of-freedom of the interferometer: tip and tilt of the recycling mirror and the two arm mirrors (the beamsplitter orientation is equivalent to a combination of the two arm mirror angles). The sensing is performed with three quadrant photodetectors, each sampling a small fraction of the beam from the symmetric (two detectors) and antisymmetric (one detector) ports. Misalignments produce relative phase gradients between the carrier and rf sideband fields, leading to spatially asymmetric rf amplitude modulation on the light; this amplitude modulation is detected by differencing the outputs of opposing segments of the quadrant detectors [22] [23] . These sensor outputs are used in feedback loops to control the orientations of the three interferometer mirrors (i.e., all but the beamsplitter), with control bandwidths of approximately 10 Hz. Uncontrolled alignment fluctuations of order tens of µradians-which otherwise would reduce the average recycling gain to ∼ 1 2 its maximum value-are thus suppressed to residual angle errors of 4µradians, approximately 2% of the beam divergence angle.
Phase sensitivity
Measurements of the sensing noise were using a dynamic signal analyzer to compute the power spectrum of the error signal (see Fig. 4 ). Since the measurement band of interest, 100 Hz to 10 kHz, overlaps the active band of the control loop, the power spectrum is multiplied by (1 + G diff ) , where G diff is the open loop gain of the differential mode controls. We also correct for the frequency response of a high-pass filter used to reduce the dynamic range of the signal prior to digitizing. The spectrum is calibrated in terms of equivalent phase difference by applying a known sinusoidal force at 2 kHz to one of the Michelson mirrors, which in turn has been calibrated to mirror displacement using the wavelength-defined fringes of the simple Michelson (recycling mirror misaligned). Figure 5 shows the measured phase sensitivity spectrum, along with the major broadband noise contributors. Above 600 Hz, the broadband sensitivity is quantum noise limited; i.e., it is determined by the Poisson statistics of photon detection ('shot' noise), at a level of (1.28 ± .04) × 10 −10 rad/ √ Hz. To our knowledge, this is the best broadband optical phase sensitivity ever demonstrated.
As developed in reference [24] , the sensitivity limit due to shot noise in the photodetection for our readout method is:
where h is Planck's constant, P bs is the carrier power incident on the beam splitter, L c is the fraction of P bs that is lost at the antisymmetric port due to imperfect interference (the dark fringe not being perfectly dark), η is the photodetector quantum efficiency (0.85±0.03), and R a is the ratio of the power in the carrier to that in the sidebands at the antisymmetric output. The first factor in this expression is the idealized phase sensitivity limit for an interferometer with power P bs at the beam splitter. The second factor gives the increase in noise due to imperfect interference. The third factor, F ns , accounts for the fact that the power at the photodetector is not stationary, but rather has a significant component which varies at 2f m due to the two rf modulation sidebands [28] . The nonstationary factor F ns gives the increase in noise due to the modulation-demodulation scheme, compared to stationary shot noise with the same average photocurrent; it can be expressed in terms of R a :
We thus can compare our measured noise floor with the shot noise prediction of equation 8. The power at the beam splitter is found by summing the powers in the two beams transmitted through the arm mirrors and correcting for their transmissions, giving P bs = 67 ± 3W. The ratio R a is found by comparing the DC and 2f m power levels in a beam sampled from the anti-symmetric port, giving R a = P DC /( √ 2P 2fm ) − 1 = 1.35 ± 0.05; the nonstationary factor is thus F ns = 1.10. The contrast loss L c is found by operating the interferometer with a much reduced rf modulation index, such that the sideband power at the output is negligible, and measuring the antisymmetric port power; this results in L c = 2.6±0. 2× 10 −4 , making the second factor in equation 8 equal to 1.56. The predicted shot noise sensitivity then comes to δφ = (1.36 ± 0.05) × 10 −10 rad/ √ Hz, consistent within errors of the measured sensitivity.
We independently verify that the noise floor is dominated by shot noise by separately illuminating the photodetector with a blackbody thermal spectrum, producing the same average photocurrent as in operation. The resulting voltage noise at the readout point is multiplied by the nonstationary factor F ns . The resulting spectrum is within 20% of the noise floor of Fig. 5 .
It is also interesting to examine the power budget that gives a beam splitter power of 67 W for a carrier input power of P c in = 0.22 W. This quantities are related by
where M is the matching efficiency of the input beam to the fundamental cavity mode, T r = t 2 r , and L is the round trip loss in the recycling cavity (less T r ). By measuring the resonant reflectivities r cr and r sb , we determined that M = 0.84 and L = 2 × 10 −3 , the latter being dominated by the anti-reflection surface of the beam splitter.
In addition to shot noise, there are three broadband noise sources which have non-negligible impact on the sensitivity: beam direction fluctuations, laser frequency noise, and electronics noise.
The Michelson phase difference depends on the input beam direction when the arm mirrors are misaligned (such that either arm mirror does not exactly retro-reflect the beam), because in this case the two arm beams travel different path lengths before recombining at the beam splitter [25] [26] . Figure 6 indicates the geometry starting from the beam incident on the beam splitter. The difference in the two paths which start at and return to the beam splitter is: (10) where l = (l 1 + l 2 )/2. The impact of misalignments is reduced by three effects: the path change is a second order coupling to small lengths (y) or angles (Θ x ); the Michelson optics are well isolated, greatly reducing in-band fluctuations of Θ 1 and Θ 2 ; fluctuations of the input beam (y in , Θ in ) are spatially filtered by the recycling cavity. The filtering factor is approximately the power recycling gain, since the TEM 10,01 modes are far off resonance in the recycling cavity. The beam direction at the beam splitter is related to the input beam directions as:
Measurements indicated that the largest effects resulted from the first two terms in equation 10, which involve the input beam direction and motion of the end mirrors. To calibrate the sensitivity, we modulate the angles of the input beam and one of the end mirrors with separate frequencies, and measure the output signal at the sum and difference frequencies. The spectra of the ambient angular motion of the arm mirrors (as measured by the wavefront sensor at the antisymmetric port) and input beam (measured with a quadrant photodetector on the input table) are then convolved and scaled by the measured coupling constant to estimate the contribution to the output signal. Figure 5 shows the result of this procedure; the beam jitter-mirror misalignment contribution is within a factor of 2-3 of the phase sensitivity spectrum in the 110-190 Hz band. The residual frequency noise contribution is estimated by measuring the error signal of the common mode loop (point e in Figure 3 ). The error signal is converted to frequency units (point r in Figure 3 ) using the 2 kHz calibration peak, and correcting for the gain G L in the recycling mirror path. Equation 6 then makes the conversion to equivalent phase noise. While this in-loop measurement is only a lower limit to the frequency noise, it is a good estimate at low frequencies where this noise source is non-negligible.
The largest electronics noise contributors were from the amplifiers that drove the suspended mirror coil actuators in the local damping loops and in the Michelson (differential) feedback control. At worst, electronics noise comes to within a factor of nearly 2 of the measured phase sensitivity, in a small band around 130 Hz.
Two other potential broadband noise sources are laser amplitude noise and thermal noise in the mirrors. Laser noise can couple to the output through the bilinear mechanism implied by equation 4: if the Michelson is not exactly at a dark fringe (i.e., δ l = 0), either because of an offset or a lack of loop gain, then the output signal S anti becomes proportional to the input power. We determined the deviation from dark fringe by applying a known amplitude modulation to the input light and measuring the coupling to the output signal; this gave δφ rms ≈ 4µradians. Measurements of the beams transmitted by the arm mirrors showed the relative power fluctuations in the recycling cavity to be (δ(P )/P ) = 3 − 4 × 10 −6 / √ Hz above 150 Hz. The predicted impact on the phase sensitivity spectrum is thus δφ = (δ(P)/P )δφ rms = 1 − 2 × 10 −11 /rad/ √ Hz, significantly below the phase sensitivity. Laser amplitude noise also causes fluctuations of the mirror positions through radiation pressure; if the power incident on the beam splitter is not split evenly between the two arms this technical radiation pressure will cause differential phase noise. In this case, even though the beam splitter is not terribly well-balanced (R/T = 51/49%), technical radiation pressure is estimated to be at an insignificant level of ∼ 10 −11 /rad/ √ Hz (quantum radiation pressure is lower yet).
Thermally driven fluctuations of the surfaces of the Michelson mirrors and beam splitter must also be considered, an effect governed by the fluctuationdissipation theorem. Since the beam is much smaller than the mirror diameter, it can be well estimated by the approach of reference [29] . If the internal loss ϕ of the mirrors is assumed to independent of frequency, the surface fluctuations scale as (ϕ/f ) 1/2 . For fused silica, ϕ is generally found to be less than 10 −6 [30] [31] [32] ; this would produce a phase noise, summing the effect for all three optics, of approximately 10 −11 rad/ √ Hz at f = 100Hz, significantly below the measured phase sensitivity. Even though the quality factors of some of the mirror modes-having modal frequencies f > 28kHz-were found to be much less than 10 6 , we expect the below-resonance thermal motion is negligible in this measurement.
In addition to these broadband noise sources, there are a variety of periodic or quasi-periodic processes which produce narrow features in the spectrum. The sources of most of these spectral peaks are identified in Figure 7 . Several of the peaks were caused by acoustically excited mechanical vibration of components on the input table, producing either beam direction fluctuations or modulation of a scattered light path.
Also evident is thermally driven motion of mechanical modes associated with the suspended Michelson mirrors. The group of peaks around 4 kHz arises from mechanical flexure modes of the actuator magnet assemblies bonded to the mirrors. The peaks at 550 Hz and 1100 Hz correspond to the fundamental and first harmonic modes of the wires used to suspend the mirrors, showing up in the spectrum through the recoil imparted to the optic. For each of these resonances, the amplitude of the spectral peak is consistent with the prediction of a simple model of a resonance driven by thermal energy (Brownian motion):
where f 0 is the resonance frequency. The reduced mass µ for the case of the wire resonances is µ =
with f n the frequency of the nth mode, f p the frequency of the pendulum mode, and M the mirror mass; for the magnet assemblies, µ = M 2 /m, with m the magnet assembly mass (700 mg). The thermal noise above and below the peaks can be estimated using the fluctuation-dissipation theorem, following the approach of reference [27] ; we assume the resonances are structurally damped, with a loss of 10 −4 and 10 −2 for the wire and magnet assembly resonances, respectively (the loss numbers derive from the peak widths seen in a high resolution spectrum). Neither type of mode creates significant off-resonance thermal noise.
Power limitations
With the available laser power, the interferometer could operate up to a circulating power level of 120 W, but the best sensitivity was achieved at about 70 W of power in the recycling cavity. At higher power, the system suffered from increasing optical distortion caused by absorption in the optics, an issue which has long been a concern for gravitational wave interferometers given the high powers required for good sensitivity [33] . Energy absorbed in the optics, either through bulk substrate or surface absorption, heats the material and can produce both thermoelastic surface distortions and 'thermal lens' distortions via the temperature dependence of the index of refraction (important for transmissive elements). In fused silica, thermal lensing is the dominant effect, implying that in this experiment the beam splitter is the critical element. Absorption in the beam splitter primarily affects the contrast of the Michelson, since the thermal lensing acts on only one of the arms. We investigated this effect by measuring the Michelson contrast loss L c as a function of the power on the beamsplitter (Fig. 8 , varying the input power and reducing the modulation depth such that there was insignificant rf sideband power at the anti-symmetric port.
At very low power, thermal distortions are insignificant and the loss is dominated by the effect of the asymmetry ∆l, which leads to a mismatch of gaussian parameters of the two beams recombining on the beam splitter (the mismatch is primarily in their wavefront curvatures) [34] . As the power increases, the beam splitter heats up and begins to act as a lens for the beam traversing the substrate. The initial lensing actually improves the matching of the two beams and lowers the contrast loss-the positive dn/dT of fused silica compensates for the longer physical path length of the arm containing the beam splitter substrate (the compensation is not perfect-the thermal lens deviates from cylindrical symmetry because the beam travels at an angle through the substrate). As the power is further increased, the lensing overwhelms the asymmetry and the contrast loss increases.
With increasing contrast loss, at some point the shot noise increases more quickly than the signal sensitivity S anti , and the signal-to-shot-noise ratio decreases. The best noise performance was obtained with an input carrier power of 210 mW, for which P bs = 67W. We note that in LIGO, the beam splitter substrate is a lower-loss grade of fused silica; the fractional bulk absorption is expected to be approximately 5× smaller than estimated here, so that LIGO can operate with 200 W on the beam splitter.
Conclusion
The results of this prototype are close to the required LIGO phase sensitivity. The sensitivity is quantum noise limited above 600 Hz; the optical power which determines this sensitivity was limited not by available laser power, but by thermal loading in the beam splitter. The most dramatic difference between this work and the previous version of this experiment [11] is the large sensitivity improvement below 1.5kHz. This is primarily the result of better frequency stabilization and more effective control of scattered light.
The sources of much of the broadband excess noise below 500 Hz has been identified. The quadrature sum of the known noise sources is within 50% of the measured noise everywhere above 150 Hz. The quadrature difference between the measured and the known noise terms has approximately a 1/f 3/2 spectrum, though the source(s) of this noise have not been identified.
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